Abstract Bacteria possessing multiple copies of 16S rRNA (rrs) gene demonstrate high intragenomic heterogeneity. It hinders clear distinction at species level and even leads to overestimation of the bacterial diversity. Fifty completely sequenced genomes belonging to 19 species of Lactobacillus species were found to possess 4-9 copies of rrs each. Multiple sequence alignment of 268 rrs genes from all the 19 species could be classified into 20 groups. Lactobacillus sanfranciscensis TMW 1.1304 was the only species where all the 7 copies of rrs were exactly similar and thus formed a distinct group. In order to circumvent the problem of high heterogeneity arising due to multiple copies of rrs, 19 additional genes (732-3645 nucleotides in size) common to Lactobacillus genomes, were selected and digested with 10 Type II restriction endonucleases (RE), under in silico conditions. The following unique gene-RE combinations: recA (1098 nts)-HpyCH4 V, CviAII, BfuCI and RsaI were found to be useful in identifying 29 strains representing 17 species. Digestion patterns of genes-ruvB (1020 nts), dnaA (1368 nts), purA (1290 nts), dnaJ (1140 nts), and gyrB (1944 nts) in combination with REs-AluI, BfuCI, CviAI, Taq1, and Tru9I allowed clear identification of an additional 14 strains belonging to 8 species. Digestion pattern of genes recA, ruvB, dnaA, purA, dnaJ and gyrB can be used as biomarkers for identifying different species of Lactobacillus.
Introduction
The diversity of microbial world has fascinated researchers since their discovery. Rapid progress in identifying bacteria has been made during the last 3 decades. Prof. Carl R. Woese developed an innovative strategy which brought around a revolutionary change in evolutionary biology and taxonomy. The most widely employed gene for bacterial identification has been 16S rDNA (rrs). Almost all laboratories around the world have mastered the technique of sequencing this gene. Ribosomal database project (RDP) (https://rdp.cme.msu.edu/), is a depository of 3,224,600 rrs sequences. Using the unique signatures and restriction endonuclease (RE) digestion patterns of rrs, it has been possible to re-classify bacteria, which were identified so far only up to genus level to species level [1] [2] [3] [4] . In spite of such a roaring success of rrs, there have been cases where the gene sequences are quite similar and don't prove effective in distinguishing closely related organisms. Another limitation generally encountered in the usage of rrs is in the case of organisms which harbour it in multiple copies: Clostridium, Yersinia, Vibrio, Staphylococcus, Streptococcus, etc. Here, high intragenomic heterogeneity leads to mis-identification and even overestimation of bacterial populations [5] [6] [7] [8] [9] [10] .
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The Trouble with Lactobacillus Identification
Conventional methods of identifying Lactobacillus involve phenotypic and biochemical characterization. Nevertheless, with the advent of molecular biology, gene based methods were found to be more reliable, precise and consistent. Among the various genes used for identifying bacteria, rrs has been the most successful [11, 12] . It has completely revolutionized the way taxonomy has developed. A large number of genomic tools have proved helpful in establishing taxonomic and evolutionary relationships. All molecular methods developed so far have been proven to have some merits vis-a-vis others. The need to develop new genomic tools and find new biomarkers has been associated with the difficulties encountered while carrying out a particular assay or diagnosing a disease. The need for highly precise identification tool is especially connected with the economic importance of the bacteria. In case of food and waterborne contaminants and diseases caused by pathogens rapid diagnosis for prescribing a treatment is necessary. Use of Lactobacillus to control canine intestinal infections is an interesting proposal [13] . Lactobacillus is an economically important organism, especially as bioactive molecules, probiotic, preservative, fermentation and maturation of the sausages, milk products [14] [15] [16] [17] [18] . The dominance of Lactobacillus species such as L. iners, L. jensenii, L. gasseri, and L. crispatus in the vaginal region acts as a barrier for invasion of pathogenic bacteria and virus. Lactobacillus is an indicator of a healthy vaginal ecosystem, hence their rapid identification can prove helpful in diagnosing bacterial vaginosis [19] [20] [21] .
Molecular tools used for distinguishing Lactobacillus species involve: Random amplified polymorphic DNA, repetitive element PCR, restriction fragment length polymorphism, pulse-field gel electrophoresis, denaturing/temperature gradient gel electrophoresis [22] [23] [24] [25] [26] . These techniques have helped to reclassify certain species such as L. brevis-L. hilgardii [22] . Multiplex polymerase chain reaction of the region between rrs and 23S rRNA was developed to identify seven probiotic Lactobacillus species [27, 28] . Amplification of rrs gene and its analysis with the help of amplified ribosomal DNA restriction analysis, by employing restriction enzymes (REs) such as: (1) HaeIII, DdeI, and HinfI, (2) ApaI, NotI and SmaI, (3) HaeIII, MspI, and HinfI was used for identifying 17, 24, and 42 lactobacilli, respectively [26, 29, 30] . In silico restriction digestion patterns (with 11 REs) were identified for distinguishing Lactobacillus only up to the species level. REsSphI, NcoI and NheI could digest rrs, REs-DraI, EcoRI, HincII, SfuI, SspI, and VspI, and showed digestion patterns in the rrs-23S rRNA intergenic region, where as REsAvrII and HindIII digested 23S rRNA gene [28] . Matrixassisted laser desorption/ionization mass spectrometry, based on ribosomal subunit proteins as biomarkers was used to identify Lactobacillus plantarum and other species [12, 31] . In order to distinguish very closely related Lactobacillus species, rpoA gene-encoding for the alpha subunit of RNA polymerase, and pheS gene-encoding for the alpha subunit of phenylalanyl-tRNA synthase were sequenced. These two genes provided 10 and 5 % divergence for distinguishing Lactobacillus species. The usage of the two genes in combination proved more effective in distinguishing the species in comparison to rrs gene [32] . Lactobacillus plantarum was found to possess genes-mub, fbp and bsh, which encode for mucus-binding protein, fibronectin-binding protein and bile salt hydrolase, respectively. These genes were projected as probiotic identification markers [15] . Multiplex PCR using species-specific primers for amplifying recA gene of the L. plantarum group enabled identification of strains to be L. paraplantarum and L. pentosus [33] . Comparative genomic hybridization (CGH) has been recognized as a powerful technique for identifying Lactobacillus. Genes-recA, pheS, pyrG, tuf and rrs were sequenced to identify strains initially annotated as analyzed to belong to Lactobacillus taiwanensis. However, DNA-DNA hybridization assays revealed the five strains to be distinct and more close to Lactobacillus johnsonii and L. gasseri. CGH with a whole genome DNA microarray of L. johnsonii strain NCC533 allowed to place L. taiwanensis BL263 independent of L. johnsonii ATCC 33200
T [34] . Evaluation of lactobacilli present in the cervix of the female genital tract was done initially using (GTG)(5)-PCR fingerprinting. The different clusters were then segregated based on pheS gene. This study revealed that although (GTG)(5)-PCR helps in identifying many isolates, however, a supplementary gene information is needed for reliable identification. An interesting finding of this study was the fact that Lactobacillus acidophilus is not a common inhabitant of female genital tract [35] . After an initial identification as Lactobacillus sp. DMDL 9010 done with rrs, the confirmatory test was performed using two fragments flanking the gene L-ldh1. The strain was identified as Lactobacillus pentosus or L. plantarum [36] . Molecular identification using minD gene, which encodes for an inhibitor cell division was carried out for Lactobacillus rhamnosus and L. acidophilus. The gene minD was observed to have high homology to that present in Escherichia coli, implying common evolution [37] . Horizontal gene transfer in Lactobacillus has been reported to be responsible for adapting to changes in lifestyles [38, 39] . Phylogenetic relationship was established through a multilocus sequence typing using house keeping genes, which included: mutL, polA, ftsZ, pgm, metRS, and nrdD [39, 40] .
The genus Lactobacillus is composed of 180 species [17] . Sequenced genomes of Lactobacillus allow comparative studies:
sakei, and L. salivarius [41] . Comparison of information deduced from sequenced genomes of Lactobacillus ruminis ATCC 27782 (2.06 Mb) isolated from bovine and L. ruminis strain, ATCC 25644 (2.138 Mb), isolated from human with L. salivarius core proteins showed that Lactobacillus species are categorized into 4 phylogenetically distinguishable groups [42] . Proteomics studies have proved helpful in identifying 6 proteins which can be used as biomarkers for selecting their probiotic potential since they are responsible for responding to bile salt and adaptation in L. plantarum [16] . Information on how Lactobacillus casei might have undergone diversity to adapt to the environment has been elucidated through completely sequencing its genome [39] .
Lactobacillus have evolved from Bacillus and lost 600-1200 genes after the divergence. The loss of genes indicated that there has been a shift towards the nutrient rich atmosphere. The genomes of Lactobacillus species have sizes in the range of 1.8-3.3 Mb and a G?C content varying from 33 to 51 % [43] . Sequenced genomes of Lactobacillus species have revealed the evolution through gene degradation and horizontal gene transfer. Sequenced genomes also show that 55-60 % of proteins of Lactobacillus bulgaricus proteins show high homology with those present in L. acidophilus and L. johnsonii. L. bulgaricus has lost genes for mucin-binding proteins and bile salt hydrolase. L. plantarum has evolved to utilize diverse carbohydrates. L. salivarius has acquired genes for bile salt hydrolase and the pentose phosphate pathway. Comparative genomics done through Differential Blast Analysis (DBA), used for identifying specific genome regions, also elucidated information on regions which were present in some and absent in another set of organisms [18, 21, [43] [44] [45] [46] [47] [48] [49] [50] . Lactobacillus helveticus DPC4571 show about 75 % homology with the genome of L. acidophilus NCFM [51] . This thus poses a major hurdle in identifying genes which may be common to all Lactobacillus species. Here, we have identified genes which are present in most of the Lactobacillus species. Of the large number of genes which can be potentially used for identifying novel biomarkers, a few were selected and subjected to in silico digestion with different type II restriction endonulcease (RE) enyzmes. RE digestion patterns unique to a given genome were identified.
Materials and Methods

Sequence Data and Comparative Genome Analysis
Genome sequences of the 50 strains of 19 species of the genus Lactobacillus were downloaded from NCBI (http:// www.ncbi.nlm.nih.gov/): L. acidophilus (2 strains), L. (Table S1 ). Genomes characteristics of the Lactobacillus have been presented in Table S1 . Genes common to most of the Lactobacillus genomes were selected with the help of GenBank data (Table S2) . From the common gene pool, 19 genes were selected varying in size from 732 to 3645 nucleotides (nts) (Tables S1 and S2). Gene, rrs was used as reference, as it is generally employed for bacterial identification. Sequence analysis and their orientation were done using BioEdit [8] .
Restriction Endonuclease Analysis of Common Genes
Based on our previous works 10 Type II REs were considered for generating digestion patterns: (1) 4 base cutters AluI, BfaI, BfuCI, CviAII, HpyCH4 V, RsaI, TaqI, Tru9I, and (2) 6 base cutters HaeI, and Hin1I [8] . RE digestion patterns of the 19 common gene sequences along with rrs was obtained using Cleaver (http://cleaver.sourceforge.net/) (Table S2) . REs producing 5-15 fragments were considered for further analysis using BioEdit [8] . Unique gene-RE combinations were formed the basis for identifying Lactobacillus species.
Results
Analysis of rrs Gene
Multiple Sequence Alignment
Sequenced genomes of the 50 strains belonging to 19 species of Lactobacillus strains had 4-9 copies of rrs gene. The multiple sequence alignment of a total of 268 rrs copies from all the 50 genomes allowed us to segregate them into 20 groups (Table S3) . Six of these 20 groups were represented by 5-61 rrs copies (in all 173) belonging to 2-3 Lactobacillus species each. These observations indicate high sequence similarity among rrs copies of different species. rrs copies of all the strains of L. delbrueckii (4 strains), L. reuteri (5 strains), L. buchneri (2 strains) and L. sanfranciscensis (1 strain) could be segregated into 5 independent groups. L. casei, presented a unique scenario, where rrs copies of (1) 3 strains were grouped along with L. paracasei (2 strains), L. rhamnosus (6 strains) and L. sakei, and (2) the rest 5 rrs copies in each of two strains were all distinct from each other and formed 10 groups. In summary, only L. sanfranciscensis (1 strain) could be segregated from all other genomes on the basis of its rrs gene sequences. Thus MSA proved that there is high level of intragenomic heterogeneity among different species of Lactobacillus.
In Silico RE Digestion
In silico RE digestion of all the 268 rrs copies belonging to 19 Lactobacillus species with 10 different REs revealed a few unique patterns ( Table 1, Table S4 ). The only rrs-RE combinations, which could be used to distinguish different strains in an unambiguous manner were the following: In summary, only 22 strains belonging to 17 species can be identified without any discrepancy:
ruminis; L. sakei; L. salivarius; and L. sanfranciscensis.
No unique RE digestion patterns with any of the REs employed were observed in the following strains:
rhamnosus Lc 705, L. rhamnosus LOCK900, and L. rhamnosus LOCK908.
It may be concluded that with MSA and RE digestions only 22 strains can be identified. For the rest of the 28 strains we may need to resort to other genes.
Analysis of Common Genes
In Silico RE Digestion Analysis of Common Genes A list of genes chosen for study from the common gene pool from sequenced genomes of Lactobacillus strains has been presented in Table S2 . Of the 19 selected genes (732-3645 nts in length) only 9 genes (cysS, dnaA, dnaJ, dnaK, gyrB, polA, pyrB, pyrG, and recA) were present in all the 47-50 genomes, where as the rest of the 10 genes were present in 44-46 genomes. All the 19 genes were present in single copies. In silico RE digestion of all the 19 genes present in Lactobacillus species with 10 different REs revealed a few unique digestion patterns.
Analysis of recA Gene
Among the genes which were considered as suitable for identifying Lactobacillus strains, RE digestion patterns of recA (1098 nts) have been presented in Tables 2 and 3 . In silico RE digestion of recA, revealed a few unique patterns in 29 strains representing 17 species. Unique RE digestion patterns could not be identified for L. amylovorus (2 strains) and L. johnsonii (3 strains). RE-HpyCH4 V, proved to be the most effective by generating unique digestion patterns in 19 strains belonging to 14 species. On the other hand, REs-CviAII, BfuCI and RsaI were found to be useful in identifying 12-15 strains representing 12-14 species each (Tables 2, 3) . Hence, through the use of complementary REs, most of the strains can be identified in an unambiguous manner.
Analysis of Other Common Genes
There were 21 strains, which could not be distinguished on the basis of RE digestion pattern of recA gene. Analysis of digestion patterns of genes-ruvB (1020 nts), dnaA (1368 nts), purA (1290 nts), dnaJ (1140 nts), and gyrB (1944 nts) in combination with REs-AluI, BfuCI, CviAI, Taq1,and Tru9I proved instrumental in providing information for clear identification of 16 strains belonging to 8 species.
Gene ruvB in combination with different REs was effective in segregating different phylogenetically close strains (Table 4) : (1) RE AluI helped to segregate L. amylovorus 30SC, L. amylovorus GRL1118, L. johnsonii DPC 6026, L. johnsonii N6, and L. johnsonii NCC 533, (2) RE BfuCI could distinguish L. paracasei subsp. paracasei 8700.2 from L. plantarum 16, and (3) RE TaqI provided unique digestion pattern for L. rhamnosus Lc 705. In addition, the following unique gene-RE combinations can also be used in the following cases: (1) dnaA-AluI for L. delbrueckii subsp. bulgaricus 2038; (2) purA-Tru9I for L. With the available set of gene-RE combinations in this study, 4 strains could not be distinguished. Here, we may have to resort to additional gene-RE combinations.
Discussion
Bacterial identification with the help of rrs gene is practiced around the world. However, in cases where bacterial genomes contain multiple copies of rrs, such as in Clostridium, Staphylococcus, Streptococcus, Vibrio, and Yersinia species, a high level of heterogeneity is seen. It is difficult to identify these bacterial species on the basis of their rrs gene alone [5] [6] [7] [8] [9] [10] . The same problem has been faced in the case of Lactobacillus as well. A large number of functional genes have been employed for identifying Lactobacillus sp., however, no consensus has been reached as yet. Hence, we identified genes which were common to almost all the Lactobacillus species. Of the 19 common genes which were processed for RE digestion patterns, pheS, polA, pyrG, recA, and rpoA have been reported in literature as markers for Lactobacillus [32-34, 39, 40] . Of these five genes, we could use only recA with effectiveness; where as the other 4 genes didn't prove helpful, because they generated a large number of fragments on digestion with REs. In our case, the following additional genes could be used to distinguish very closely related species: ruvB (1020 nts), dnaJ (1140 nts), purA (1290 nts), dnaA (1368 nts), and gyrB (1944 nts) in combination with REs-AluI, BfuCI, CviAI, Taq1,and Tru9I. Our comparison of recA from Lactobacillus and Staphylococcus gave very distinct RE digestion patterns, allowing easy and reliable distinction [8] . It may be proposed here that the biomarkers identified in this study can be used for developing rapid and reliable protocol for diagnostic purposes.
